The inability to grow autologous T cells ex vivo, in particular CD4 T cells, from human immunodeficiency virus (HIV)-positive donors has been a major stumbling block for the development of T-cell replacement therapies for AIDS. Recently, Levine et al. developed a method for expanding CD4 T cells from HIV-positive donors in vitro in the absence of antiretroviral drugs with minimal viral replication (15, 16) . Their method uses stimulation of highly purified CD4 T cells with anti-CD3 and anti-CD28 antibodies coimmobilized on magnetic beads. They have further shown that costimulation of CD4 T cells by anti-CD28-coated beads renders the cells resistant to infection by macrophage (M)-tropic strains of HIV type 1 (HIV-1) in vitro (5, 15, 20) . HIV production is negligible after the first 2 weeks of culture in the absence of antiviral drugs, and proviral DNA is nearly undetectable. The mechanism by which CD28 costimulation induces resistance appears to have two components. The first is by inducing the production of high levels of ␤-chemokines (MIP-1␣, MIP-1␤, RAN-TES) which can block access to CCR5, the coreceptor for M-tropic strains of HIV-1 (5, 20) . This component is independent of CD28 and can be achieved by costimulation with other T-cell surface receptors such as CD2, CD4, CD5, or CD8 (20) . The second component, which is dependent on costimulation by CD28, is the down-regulation of CCR5 expression at the RNA level (20) .
In contrast, other groups have reported that costimulation with anti-CD3/anti-CD28 can result in increased virus production (2, 21, 24) . In these reports, costimulation with anti-CD28 by antibodies immobilized on plastic dishes or provided by B7 expression on fixed antigen-presenting cells resulted in increased p24 production by primary CD4 T cells compared to that resulting from stimulation by phytohemagglutinin or anti-CD3 alone. However, both groups used T-tropic viruses, which were not inhibited by CD3/CD28 bead stimulation in the studies of Levine et al. (15) . Recently, costimulation of patient T cells by anti-CD3 and anti-CD28 antibodies immobilized on plastic dishes was demonstrated to be a highly sensitive technique for recovery of HIV from the cells of patients on highly active antiretroviral therapy with no detectable virus load (27) . This observation is particularly significant since most primary isolates of HIV-1 are M-tropic CCR5-dependent viruses (7, 18, 19) . Together these results show that costimulation with anti-CD3/anti-CD28, under certain circumstances, can result in enhanced replication of M-tropic as well as T-tropic strains of HIV.
To more closely examine the issue of resistance to HIV infection, we stimulated highly enriched populations of primary human CD4 T cells with anti-CD3/anti-CD28 antibodies immobilized on magnetic beads or on the surface of plastic culture dishes. Our experiments confirmed that costimulation with anti-CD3/anti-CD28 beads reduces p24 production but that the mode and duration of exposure to anti-CD28 have a significant impact on the extent of resistance to M-tropic strains of HIV-1 in vitro. Whereas stimulation of CD4 T cells with anti-CD3/anti-CD28 beads almost completely inhibited replication of HIV as measured by p24 production, stimulation by antibodies immobilized on plastic dishes resulted in high levels of p24 production. This was true even with continuous passage of cells on freshly coated plates. Increased production of ␤-chemokines and decreased CCR5 coreceptor expression correlated with the induction of resistance to HIV infection denoted by decreased p24 production. The exception was continuous plate stimulation which led to high levels of p24 production despite down-regulation of CCR5 and increased production of ␤-chemokines. Anti-CD3/anti-CD28 bead stimulation further gave rise to increased expression of the T-cell activation markers CD25 and CD69 and also with increased production of gamma interferon (IFN-␥) in comparison to that resulting from stimulation with antibodies immobilized on plates. These results suggest that the strength and duration of the activation signal(s) play a role in the ability of CD28 costimulation to induce resistance and further explain how CD28 costimulation can induce resistance to HIV infection under certain conditions and result in increased virus production in others.
MATERIALS AND METHODS
Normal donor cells and culture conditions. Fresh normal donor peripheral blood mononuclear cells isolated by Ficoll-Hypaque centrifugation were enriched for CD4
ϩ T cells by depletion of CD8 ϩ and CD14 ϩ cells by using antibody-coated magnetic beads (Dynabeads M-450; Dynal, Lake Success, N.Y.) in accordance with the manufacturer's instructions. The resulting T-cell population typically contained 60 to 85% CD4 ϩ T cells, with Ͻ10% CD8 ϩ and the remainder being CD4 Ϫ CD8 Ϫ . All cells were diluted to a concentration of 10 6 /ml by using fresh AR medium (a 1:1 mixture of AIM V medium [GIBCO, Grand Island, N.Y.] supplemented with 4 mM L-glutamine and RPMI 1640 medium [JRH Biosciences, Lenexa, Kans.] supplemented with 10% heat-inactivated fetal bovine serum [HyClone Laboratories, Inc., Logan, Utah], 4 mM L-glutamine, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 10 mM HEPES, giving a final concentration of 5% fetal bovine serum). Cultures were split and fed with fresh AR medium supplemented with 100 IU of recombinant human interleukin-2 (IL-2) (Proleukin; Chiron Therapeutics, Emeryville, Calif.) on days 3, 5, 7, 10, and 13 poststimulation to maintain a concentration of 10 6 cells/ml. Stimulation. CD4-enriched T-cell populations were stimulated with anti-CD3 (OKT3; Ortho Diagnostics, Raritan, N.J.) and anti-CD28 (Leu-28; Becton Dickinson Immunocytometry Systems, San Jose, Calif.) monoclonal antibodies either directly coated on plastic tissue culture plates or immobilized on sheep antimouse immunoglobulin G-coated magnetic beads (Dynabeads M-450; Dynal) with a concentration of 150 fg of each antibody per bead (17) . In a typical experiment, 500 ng of each antibody per ml was used to coat plates while bead stimulation was performed with a bead/cell ratio of 3:1. On day 3 poststimulation, T cells were removed from the coated plates while bead-stimulated cells were split into two cultures; beads were either removed (beads-out) or left in the culture for the duration of the experiment (beads-in). For continuous plate stimulation, the day 3 plate-stimulated culture was split into two subcultures, one of which was transferred to a fresh plate coated with anti-CD3 and anti-CD28 antibodies and continuously passaged on fresh anti-CD3/anti-CD28-coated plates (continuous plate) and the other of which was maintained by using uncoated plates (one-time plate).
HIV infections. On days 3 and 7 poststimulation, cells were infected with the M-tropic strains of HIV-1, JRCSF or SF162, by resuspending 10 6 cells directly in supernatant containing approximately 50 ng of p24 for 4 h at 37°C, after which excess virus was removed by centrifugation and 10 6 infected cells were cultured in 2 ml of AR medium with 100 IU of IL-2 per ml. To minimize the potential stearic inhibition of infection by beads bound to the cells in bead-stimulated cultures, the clumps of beads and cells were disrupted as much as possible by vigorous pipetting during resuspension with the virus-containing supernatant. This procedure results in a near-single-cell suspension, with none to a few beads bound to each cell as observed microscopically. Aliquots of supernatant from the infected cultures were removed on days 3 and 7 postinfection and analyzed for p24 by enzyme-linked immunosorbent assay (ELISA) (p24 ELISA kit; DuPont-NEN, Boston, Mass.). Where indicated, infected plate-stimulated or beads-out cells were resuspended in 100% conditioned medium (CM) from a noninfected beads-in culture harvested the same day as the day of infection and spiked with 100 IU of IL-2 per ml.
Surface antigen expression and cytokine production. The composition of the enriched cell populations was assessed by directly staining the cells with fluorochrome-conjugated anti-CD3, -CD4, -CD8, and -CD14 antibodies (Dako, Carpinteria, Calif., or Coulter/Immunotech, Miami, Fla.) by using standard methods and analyzed by flow cytometry with a Becton-Dickinson FACScan instrument and CellQuest analysis software. At indicated times poststimulation, noninfected cells were surface stained for the expression of the coreceptor CCR5 by using a phycoerythrin-conjugated monoclonal antibody to CCR5 (clone no. 2D7; Pharmingen, San Diego, Calif.) and for the T-cell activation markers CD25 and CD69 (anti-IL-2 receptor-fluorescein isothiocyanate-FITC and Leu-23-fluorescein isothiocyanate, respectively; Becton Dickinson Immunocytometry Systems, San Jose, Calif.). For ␤-chemokine and cytokine production, aliquots of media were removed at the indicated times poststimulation and analyzed for the presence of RANTES, MIP-1␣, MIP-1␤, and IFN-␥ by ELISA (Quantikine kits; R&D Systems, Minneapolis, Minn.).
RESULTS
Resistance to HIV infection is induced by bead stimulation but not by plate-bound anti-CD3/anti-CD28. To determine if alternative forms of anti-CD3/anti-CD28 antibody costimulation had equal abilities to render cultured T cells resistant to infection with M-tropic strains of HIV-1, we stimulated enriched CD4 T cells (60 to 85% CD4 ϩ ) with antibodies bound to magnetic beads or immobilized on plastic culture dishes. Initially, three culture conditions were compared: (i) antibodycoated magnetic beads left in the cultures throughout the experiment (beads in) analogous to the method of Levine et al. (15, 16) ; (ii) beads removed on day 3 poststimulation prior to infection (beads out); and (iii) antibodies immobilized on plastic culture plates with cells removed from the plates on day 3 poststimulation, prior to infection (plate). On day 3 or day 7 poststimulation, the T cells were infected with the M-tropic strains of HIV-1, JRCSF or SF162, as described in Materials and Methods. HIV replication in the cultures was measured on day 3 and day 7 postinfection by p24 ELISA. In cultures of CD4 T cells stimulated with anti-CD3/anti-CD28 beads, little or no p24 was produced in the 7 days following infection with either of the M-tropic virus strains (Table 1) . This was true if cells were infected on either day 3 or day 7 poststimulation but only if the beads were left in the culture. In contrast, cultures of cells stimulated by CD3/CD28 bound to plastic dishes produced high levels of p24 following infection. Production of p24 correlated directly with the growth rate of the cells, which a Enriched primary CD4 T cells (60 to 85% CD4 ϩ ) were stimulated with anti-CD3 and anti-CD28 antibodies immobilized on magnetic beads or on plastic tissue culture dishes and infected on either day 3 or day 7 poststimulation with HIV-1 JRCSF or SF162 at 50 ng of p24/10 6 cells. For plate and beads-out cultures, the source of stimulation was removed on day 3 prior to infection. Supernatants were harvested on day 3 and day 7 postinfection and analyzed for p24 by ELISA.
varied from donor to donor. Supernatant p24 was detectable by day 3 postinfection and increased as much as 10-fold by day 7 postinfection. However, in some experiments, p24 levels were lower on day 7 postinfection. This is most likely due to the cytopathic effects of high amounts of virus replication at early times postinfection. In the majority of experiments, p24 production was lower in beads-out cultures than in plate-stimulated cultures following infection on day 3 poststimulation (Table 1). This was true for both JRCSF and SF162 and was more pronounced on day 3 postinfection than on day 7 postinfection. For infections on day 7 poststimulation, p24 production in beads-out cultures is much more vigorous and often higher than in plate-stimulated cultures. Again, this reflects a higher rate of cell growth in the beads-out cultures and also the lower levels of virus replication at early times postinfection. These results suggest that there is some resistance to infection in beads-out cultures when infections are performed immediately following bead removal, but the effect is lost over time. Thus CD3/CD28 costimulation has completely opposite effects on the replication of M-tropic strains of HIV-1 depending on how the antibodies are immobilized and how long the cells are exposed to the stimulation. The inability of these viruses to propagate in cultures of bead-stimulated cells so long as the beads remain present suggests that they are resistant to further infection. Furthermore, the observation that beads-in stimulated cells infected on day 7 poststimulation, when the bead/ cell ratio has become less than 1:1 (by dilution), still fail to generate significant virus replication argues against stearic inhibition of infection by the beads. Down-regulation of CCR5 surface expression correlates with resistance induced by CD3/CD28 beads. Since resistance to HIV infection was reported to involve down-regulation of CCR5 mRNA (5), we examined our cultures to see if the differences in p24 production by cells stimulated by CD3/CD28 on beads or plates could be attributed to differences in CCR5 expression on the cell surface. Noninfected enriched CD4 T cells were stained for CCR5 expression and analyzed by flow cytometry. CCR5 expression was analyzed in eight donors over several independent experiments with similar results in each case. Representative data is shown in Fig. 1 . Initially, only a small percentage of resting CD4 cells had CCR5 expression detectable by fluorescence-activated cell sorting (Fig. 1, day 0) . Following bead stimulation, CCR5 expression disappeared from the cell surface and was not detectable for at least 13 days poststimulation so long as the beads remained present in cultures. If the beads were removed on day 3 poststimulation, CCR5 expression gradually returned, reaching detectable levels by day 7 to 10 poststimulation. In contrast, CCR5 expression was significantly increased after stimulation by antibodies immobilized on plastic dishes, with the majority of the cells ) stimulated with anti-CD3 and anti-CD28 antibodies immobilized on magnetic beads or on plastic tissue culture plates as described in the legend for Table 1 were collected at various times poststimulation, stained with anti-CCR5 phycoerythrin, and analyzed by flow cytometry. The day 0 point shows CCR5 expression before stimulation (dotted line, isotype control). Data are shown for days 0, 3, 7, and 13 representing the beginning and end of the cultures and the days on which infections were performed in Table 1. being positive by day 13 poststimulation and some expressing relatively high levels of CCR5. Our results using fluorescenceactivated cell sorting to detect cell surface expression are consistent with the observations of Carroll et al. (5) that CCR5 expression is down-regulated by stimulation with anti-CD3/ anti-CD28-coated beads but further show that plate-immobilized antibody stimulation has the opposite effect, significantly increasing expression of CCR5.
Stimulation of ␤-chemokine production correlates with resistance to HIV infection. The presence of ␤-chemokines in the culture supernatant of stimulated T cells could interfere with infection by competing for binding to the chemokine receptors. This has been reported as a mechanism for inhibiting HIV infection (1, 6, 8, 9, 23, 26, 28) . Riley et al. (20) also reported that one factor in the induction of HIV resistance induced by costimulation was the induction of ␤-chemokine secretion, although this mechanism was not dependent on CD28 per se. When we assayed our cultures for the presence of the ␤-chemokines MIP-1␣, MIP-1␤, and RANTES, we found that beadstimulated cells produced high levels of all three chemokines while plate-stimulated cells produced markedly lower levels of ␤-chemokines ( Fig. 2A) . The differences in ␤-chemokine production were most pronounced at later times poststimulation. In bead-stimulated cultures, the levels of all three chemokines remained elevated for the entire culture period while declining rapidly in plate-stimulated cultures. In cultures of cells where the beads were removed on day 3 poststimulation, there was an initial burst of chemokine production which then rapidly declined following bead removal. A similar pattern of ␤-chemokine production was observed in five different donors. The latter observation indicates that continuous presence of CD3/ CD28 stimulation is necessary for maintaining high levels of ␤-chemokine production.
To further demonstrate the importance of chemokines in inhibiting HIV infection, we added CM collected from the bead-stimulated (beads-in) cultures to cultures of cells where the beads had been removed or where cells were stimulated by plate-bound antibodies. The CM was harvested the same day poststimulation on which the infections were performed (day 3 or day 7). Figure 2B shows that the presence of CM from the beads-in cultures greatly inhibited p24 production in cultures of plate-stimulated cells or cultures where the beads were removed, even when added after the infection had occurred. Replication of both JRCSF and SF162 (Fig. 2C) was inhibited in the presence of CM in independent experiments with two different donors. This inhibition is presumably because of competition for coreceptor binding, down-regulation of the coreceptor from the surface as a result of chemokine binding, or both. Together these data indicate that the availability of the HIV coreceptor plays a critical role in the propagation of HIV infection in vitro.
Higher and prolonged expression of T-cell activation markers in bead-stimulated cultures. The data presented above indicate that the duration of exposure to CD3/CD28 stimulation is important for maintaining a state of resistance to HIV infection in vitro. The observation that there are differences in CCR5 expression and ␤-chemokine production evident on day 3 poststimulation further suggests that there may be some intrinsic differences in bead versus plate stimulation. One possible explanation for the differences in the effects of CD3/ CD28 immobilized on magnetic beads versus those on plastic dishes is that the quality or strength of the signal differs between the two methods. We addressed this indirectly by looking at the expression of T-cell activation markers following stimulation by either CD3/CD28 beads or plate-bound antibodies. CD69 is the earliest known activation marker to appear on the cell surface following stimulation (25) . CD25, the IL-2 receptor ␣-chain, appears shortly after CD69 and declines as cell proliferation decreases (4, 11) . We compared CCR5, CD25, and CD69 expression levels in our enriched CD4 T-cell populations (60 to 85% CD4 ϩ ) following various forms of CD3/CD28 stimulation. The data shown in Fig. 3 is from one of three different donors where a direct comparison of all three markers was performed. CCR5 expression remained absent from bead-stimulated cells in the continuous presence of beads, gradually returned when beads were removed, and was up-regulated in plate-stimulated cultures as described above (Fig. 3A) . Both CD69 and CD25 expression levels were induced following stimulation with anti-CD3/anti-CD28 regardless of which method was used, although the induction was more profound on day 3 following bead stimulation (Fig. 3B  and C) . By day 5 poststimulation, CD69 levels had returned to baseline in the plate-stimulated cultures and in cultures where the beads were removed. In cultures where beads remained present (beads-in), CD69 expression remained elevated for at least 13 days poststimulation. CD25 expression remained elevated throughout the culture period when the beads were left in. Expression gradually returned to baseline levels in platestimulated cultures and in cultures where the beads were removed but remained elevated longer in the beads-out cultures. We also looked at production of IFN-␥ as an indicator of the level of T-cell activation in the same three donors. Representative results from one donor are shown in Fig. 4 . The levels of IFN-␥ produced as a result of various forms of CD3/CD28 stimulation followed the same pattern as the production of ␤-chemokines. The production of IFN-␥ was higher and lasted longer in bead-stimulated cultures where the beads were left in and dropped steadily in cultures of plate-stimulated cells or cultures where the beads were removed, although the drop seemed more precipitous in the plate-stimulated cultures. A similar pattern was observed in the other two donors. These data indicate that prolonged expression of T-cell activation markers correlates with a decrease in CCR5 expression and increased production of ␤-chemokines and IFN-␥ and further demonstrates that duration of exposure to anti-CD3/anti-CD28 stimulation is important for maintaining a high level of T-cell activation. The differences in CD25 and CD69 expression on day 3 poststimulation suggest that immobilizing the antibodies on beads provides a more potent signal than the same antibodies immobilized on the surface of a culture dish.
Continuous passage on anti-CD3/anti-CD28-coated plates also down-regulates CCR5. To further address the effect of signal duration on the induction of resistance, we compared beads-in stimulation with continuous passage on anti-CD3/ anti-CD28-coated plates by using cells from two different donors. For these experiments, noninfected enriched CD4 T cells were stimulated with anti-CD3/anti-CD28 antibodies on beads (beads in) or on plastic dishes where the cells were transferred to uncoated plates on day 3 or passaged continuously on freshly coated plates. In the latter case, plate-stimulated cells were harvested on day 3 poststimulation and replated on fresh antibody-coated plates. This procedure was repeated for each split of the culture. In these experiments, continuous passage on fresh anti-CD3/anti-CD28-coated plates resulted in prolonged down-regulation of CCR5 similar to that seen with continuous bead stimulation (Fig. 5A) . Induction levels of CD25 and CD69 expression were also analyzed. Both markers were induced to a greater degree by bead stimulation than by plate stimulation, as previously noted. Continuous passage on fresh antibody-coated plates also had an effect on CD25 expression, maintaining it at higher levels than those seen with one-time plate stimulation, but still lower than those seen in the bead-stimulated cultures. CD69 expression also was higher in bead-stimulated cultures and was not dramatically affected by continuous plate stimulation (data not shown).
Increased production of ␤-chemokines and IFN-␥ following continuous plate stimulation. In the same experiment, we also asked whether continuous plate stimulation would increase production of ␤-chemokines and IFN-␥ similar to continuous bead stimulation. At the indicated times postinfection, supernatants were assayed for the presence of MIP-1␣, MIP-1␤, RANTES, and IFN-␥ by ELISA. Results from one of two donors are shown in Fig. 5B . Bead-stimulated cells produced relatively high levels of all four cytokines as expected. On day 3 poststimulation, plate-stimulated cultures contained low levels of all four cytokines. When the cells were transferred to uncoated plates, there was little to no increase in cytokine production. However, when the cells were repeatedly transferred to fresh anti-CD3/anti-CD28-coated plates, the levels of all cytokines rose continually over the next 10 days, reaching levels similar to those in bead-stimulated cultures. Continuous stimulation on anti-CD3/anti-CD28-coated plates does not induce resistance to HIV infection. Since continuous plate stimulation caused the down-regulation of CCR5 and increased secretion of ␤-chemokines, we expected that this method of stimulation also would induce resistance to infection by M-tropic strains of HIV-1. To test this hypothesis, enriched CD4 T cells were infected with HIV-1 JRCSF and SF162 on day 3 and day 7 poststimulation and the cultures were assayed for p24. Cells from two different donors were tested with both viruses. The results are shown in Fig. 6 . Continuous bead stimulation almost completely inhibited virus replication, and one-time plate stimulation led to high levels of p24 production, as observed in previous experiments (Table 1 ; Fig. 2) . Surprisingly, continuous plate stimulation gave rise to high levels of p24 production relative to those resulting from one-time plate stimulation, in most cases, and sometimes higher. The lower levels of p24 production following infections on day 7 poststimulation are probably due to decreased cell growth at this point in the cultures. The fact that neither one-time nor continuous plate stimulation consistently leads to lower p24 production suggests that there is no real difference in these two methods of stimulation in terms of resistance. To ensure that CCR5 expression was down-regulated during this experiment, we stained an aliquot of cells from each culture for CCR5 on day 7 poststimulation. The cells from the continuous plate-stimulated culture showed barely detectable levels of CCR5 expression, as did bead-stimulated cells (data not shown). In contrast, one-time plate-stimulated cells had elevated levels of CCR5 expression, as observed in previous experiments. Thus, continuous plate stimulation does not protect CD4 T cells from HIV replication despite down-regulation of CCR5 and production of ␤-chemokines. These results suggest that down-regulation of CCR5 and production of ␤-chemokines may not be the only factors that contribute to the induction of resistance by anti-CD28 costimulation.
DISCUSSION
Many laboratories are currently using the combination of anti-CD3 plus anti-CD28 costimulation to recover infectious HIV from cells of HIV-positive donors with low or undetectable viral loads. Yet anti-CD3/anti-CD28 costimulation has also been reported to generate resistance to infection by Mtropic strains of HIV-1 in vitro. In the studies presented here, we have investigated the ability of anti-CD28 costimulation to induce resistance to HIV infection in vitro. Our results show that the mode in which anti-CD28 and anti-CD3 are coimmobilized and the duration of exposure to the stimulation determine the generation of resistance and provide an explanation for the apparently contradictory results regarding the effect of anti-CD28 costimulation on HIV replication in vitro. Our results with beads-in and beads-out stimulation are consistent with those of Barker et al. (2) , who found that replication of M-tropic viruses was blunted in the presence of CD3/CD28 beads but rebounded when the beads were removed. In our hands, in cultures of T cells stimulated by different methods of presentation of anti-CD3/anti-CD28 (beads-in, beads-out, and one-time plate stimulation), resistance to infection correlates with a decrease in surface expression of CCR5 coreceptor and with production of the ␤-chemokines MIP-1␣, MIP-1␤, and RANTES. Cultures which produce little p24 (high level of resistance) also have low to undetectable levels of CCR5 expression and produce the greatest amounts of ␤-chemokines, and vice versa. Furthermore, CM from beads-in cultures, which contains a high level of ␤-chemokines, augments resistance to HIV infection in beads-out and one-time plate-stim- ulated cultures. Thus, the mechanism of CD28-induced resistance appears to center around the availability of the CCR5 coreceptor.
One caveat of our surface staining experiments is that we did not start with a pure population of CD4 T cells. Thus, observed changes in surface expression of the various markers may reflect changes in cell types other than CD4 T cells. However, we do not believe that this factor has a significant effect on our results since the pattern of surface marker expression was remarkably consistent from experiment to experiment (donor to donor), and within a given experiment the same starting cell population was used for every culture. Moreover, CCR5 expression in the entire cell population was uniformly affected by a given treatment, indicating that all CD4 T cells in the population were likewise uniformly affected.
If the apparent resistance to infection is due solely to the inhibition of coreceptor usage, the effect of anti-CD3/anti-CD28 bead stimulation is most likely to block subsequent rounds of infection rather than by "curing" cells already infected. This hypothesis is supported by the observations of Barker et al. (2) and Levine et al. (15) that there is an initial burst of p24 production and detection of gag DNA by PCR which disappears after the first 2 weeks of culture as the infected cells are eliminated. Furthermore, the failure to develop resistance to T-tropic strains of HIV-1 might be due to the inability to down-regulate or block the availability of the Ttropic coreceptor CXCR4 (3, 10) . This hypothesis also is consistent with the findings of Levine et al. (15) , who saw no resistance to T-tropic strains of HIV-1 and found that CXCR4 expression was up-regulated by CD3/CD28 costimulation (5) .
Stimulation by continuous passage on anti-CD3/CD28-coated plates provides an exception to the above rule. In our hands, CD4 T cells stimulated by continuous passage on anti-CD3/ CD28-coated plates produced high levels of p24 and therefore were not resistant to infection despite down-regulated CCR5 expression and increasing production of ␤-chemokines. At present, we have no definitive explanation for this observation. No significant difference in growth rate or behavior of the cells under the different culture conditions was noted. One possibility is that the down-regulation of CCR5 by plate stimulation is not as complete as down-regulation by bead stimulation resulting in a low level of CCR5 on the cell surface sufficient to propagate HIV infection in vitro. Alternatively, factors other than the availability of CCR5 may play a role in generating resistance to HIV infection. For example, other coreceptors may be able to support infection by HIV-1 JRCSF and SF162 in plate-stimulated cells, or repeated stimulation by anti-CD3 and anti-CD28 antibodies coimmobilized on the surface of a tissue culture dish may increase the potential for infection by CCR5-independent mechanisms. CD28 costimulation causes a bimodal down-regulation of CCR5 expression, both decreasing the amount of CCR5 message (5) and reducing surface expression (this report). With regard to surface expression, we cannot rule out that the apparent down-regulation is due to inhibition of staining by the presence of high levels of ␤-chemokines. However, several lines of evidence suggest that the presence of ␤-chemokines alone cannot account for the complete absence of CCR5 surface expression among bead-stimulated T cells. First, the reduction in CCR5 mRNA levels induced by bead stimulation is consistent with a concomitant decrease in surface expression; second, in one-time plate-stimulated cultures, there is clearly an increase in CCR5 expression; third, CCR5 expression remains undetectable even when chemokine levels are low or decreasing (early in plate-stimulated cultures, late in beads-in cultures); and finally, other groups studying the inhibition of infectivity by chemokines have observed only a modest decrease in staining in the presence of chemokines (26) . One issue raised by these studies is whether there is an intrinsic difference between stimulation by anti-CD3/anti-CD28 antibodies immobilized on beads and that on the surface of a tissue culture plate, or if the effects are simply due to the time of exposure to the stimulation. Clearly, both CCR5 expression and ␤-chemokine production are influenced by the time of exposure to anti-CD3/CD28 beads. In cultures where the beads were not removed, CCR5 expression remained undetectable throughout the culture period and production of MIP-1␣, MIP-1␤, and RANTES remained relatively high. When the beads were removed on day 3 poststimulation, ␤-chemokine production dropped off and CCR5 was slowly reexpressed. These changes correlated with a breakdown in resistance to HIV infection and resulted in significant levels of p24 production by day 7 postinfection. Thus, the characteristics of the beads-out cultures were similar to those of the one-time platestimulated cultures, where the cells were removed from the antibody-coated plates on day 3 poststimulation, but not entirely analogous. Bead-stimulated cultures showed higher levels of ␤-chemokine production on day 3 than plate-stimulated cultures despite continuous stimulation during that time. Furthermore, although CCR5 expression was not significantly different on day 3, one-time plate-stimulated cells expressed high levels by day 5 to 7 poststimulation, whereas expression only slowly increased after removal of beads on day 3 and did not reach the levels in plate-stimulated cultures by day 13. Other differences between bead and plate stimulation were observed by evaluating T-cell activation marker expression. Beadstimulated cells expressed higher levels of CD69 and CD25 on day 3 poststimulation. While CD69 expression dropped rapidly to baseline following removal of beads, CD25 expression remained elevated significantly longer in beads-out cultures than in one-time plate-stimulated cultures. The latter observations suggest that there may be some intrinsic differences between bead and plate stimulation. The most striking evidence in support of such a difference is in the case of continuous plate stimulation, where resistance to infection does not correlate with CCR5 down-regulation and ␤-chemokine production. This is in contrast to continuous bead stimulation (beads in), in which the cells are resistant to infection. One possible explanation for these differences is that the beads are able to bind and present more antibody per unit area than the plate. We found no significant difference in the response of cells when we used five times the amount of antibody (2.5 g/ml) to coat the plates, either directly or indirectly by first coating with goat anti-mouse IgG (data not shown). This could be interpreted to suggest that increasing the ligand density on the plates is not sufficient to overcome an intrinsic difference in bead versus plate stimulation or simply that the ligand density on the plate is still not equivalent to that displayed on the beads. More direct measurement of the amount of antibody bound on the plate versus that on the beads is required to resolve this issue. However, it would still be difficult to rule out an effect of other factors such as surface geometry.
CD28 has been postulated to have multiple signaling pathways associated with it which can be delineated by using different cell culture systems or different degrees of antibody cross-linking (12, 13, 22) . Differential signal strength and usage of B7-1 versus B7-2 have also been reported to correlate with development of Th1 versus Th2 responses in vitro and in vivo (14) . Thus, the signals generated by anti-CD3/anti-CD28 coimmobilized on beads and plates may result in signals that are qualitatively or quantitatively different or both. The fact that there are significant differences in the induction of T-cell activation markers by plate and bead stimulation even when five times the amount of coating antibody is used suggests that there may be intrinsic biochemical differences in the signals generated by each of these methods that are dictated by surface geometry. This hypothesis is supported by the failure of plate stimulation to induce resistance to HIV infection. Further investigation of these methods of anti-CD3/anti-CD28 costimulation could provide insights into the mechanism of CD28 signal transduction.
Finally, we have identified a method for inducing high levels of CCR5 coreceptor expression in vitro. Transient exposure (3 days) of CD4 T cells to anti-CD3/anti-CD28 antibodies immobilized on the surface of a tissue culture dish leads to the dramatic up-regulation of CCR5 expression once the cells are removed from the original stimulation. This observation offers at least a partial explanation for the success that has been achieved in using this method of stimulation to rescue virus from the cells of AIDS patients with no dectable viral load as a result of highly active antiretroviral therapy. Furthermore, we demonstrate a method for dramatically reducing the level of CCR5 expression in vitro and maintaining expression at low to undectable levels by using continuous anti-CD3/anti-CD28 stimulation by two means which may have different outcomes in terms of virus replication. These experimental systems may be useful for further studies of the role of coreceptor usage in HIV infection.
